INTRODUCTION {#ncx050s1}
============

Radon is the cause of thousands of deaths each year in the USA^([@ncx050C1])^. Because it is a radioactive, colorless, odorless and tasteless gas, the measurement of radon levels is the only way to establish the presence of a radon risk^([@ncx050C2])^. As per World Health Organization^([@ncx050C3])^, recommended reference level of indoor radon concentration is 100 Bq m^−3^ while the International Commission on Radiological Protection (ICRP) has recommended reference level of 300 Bq m^−3^ and 1000 Bq m^−3^ for homes and workplaces, respectively^([@ncx050C4])^.

The AlphaGUARD is the most popular portable device with a low-effective volume for radon measurement. Mazed et al. (2007) reported that the time needed to measure 200 Bq m^−3^ with the AlphaGUARD was 15 min^([@ncx050C5])^. Based on that the counts needed to measure with the AlphaGUARD is equivalent to 150 counts. When using only the AlphaGUARD, their criterion of the time needed to measure 200 Bq m^−3^ was the time of the radon activity which has a 10% of relative standard deviation. However, they did not compare the AlphaGUARD with a more sensitive radiation detector.

According to 'Protocol for Conducting Measurements of Radon and Radon Decay Product in Homes (MAH-2014)' and 'Performance Specifications for Instrumentation Systems Designed to Measure Radon Gas in Air (MS-PC-2015)' of the American Association of Radon Scientists and Technologists, and the American National Standards Institute, the expected range of precision for the individual percent difference is \<25% under the condition of radon levels between 74 and 147 Bq m^−3([@ncx050C6],\ [@ncx050C7])^. In Japan, no such protocol has been established. In this study, we analyzed a radon measurement device based on MAH-2014 and MS-PC-2015.

In this study, we investigated the number of counts needed to measure radon concentration with the AlphaGUARD compared with more sensitive radiation detectors. Our analysis parameters were the indoor radon concertation levels (\~50 Bq m^−3^) and the highest reference level (1000 Bq m^−3^). We measured radon concentrations of 15--130 Bq m^−3^ and 1000 Bq m^−3^ with three monitors.

MATERIALS AND METHODS {#ncx050s2}
=====================

Three measuring instruments {#ncx050s2a}
---------------------------

Table [1](#ncx050TB1){ref-type="table"} shows the specifications for three measuring instruments, a gas-flow ionization chamber (DGM-101; Hitachi, Ltd., Japan), a trace environmental level detector with photomultiplier tube (PMT-TEL; Pylon Electronics Inc., Canada), and AlphaGUARD (PQ2000 PRO; Saphymo GmbH, Frankfurt, Germany). Table 1.Specifications of the three measuring instruments and the condition of NIRS radon chamber.Monitor nameDGM-101^([@ncx050C8])^PMT-TEL^([@ncx050C10])^KPU AlphaGUARD^([@ncx050C9])^**Specifications of monitors**Detection limit (Bq m^−3^)0.640.932DetectorGas-flow ionization chamberZnS(Ag) scintillatorPulse-counting ionization chamberEffective volume of chamber (L)14180.56Gas-flow rate (L min^−1^)6.51.0No (Diffusion mode)Data collection interval (min)11060**Conditions of NIRS radon chamber**Radon level (Bq m^−3^)1011 ± 722066 ± 2068003 ± 204Exposure period94 h40 h129 h

The DGM-101 has been used for an airborne radionuclide measurement, needed for the radiation management of a radiation facility^([@ncx050C8])^. The DGM-101 has a large effective volume of 14 L, which contributes to high sensitivity. The DGM-101 operated with a flow rate of 6.5 L min^−1^ and measured the indoor air at 1-min intervals. After passing through a cylindrical miniature glass-fiber filter (P0001071, Saphymo GmbH, Frankfurt, Germany)^([@ncx050C9])^, air was injected into the detector of the DGM-101. The radon concentration was calculated as integrated data per hour or per 10 min.

The PMT-TEL is an atmospheric radon monitor with an effective volume of 18 L^([@ncx050C10])^. It has a thin ZnS (Ag) scintillator with a PMT, and collected radon progenies under electrostatic field inside the chamber. In the present study, it operated with a flow rate of 1.0 L min^−1^ and measured the indoor air at 10-min intervals. The air entered the chamber after passing through a desiccant (Drierite (CaSO~4~); W. A. Hammond Drierite Co. Ltd., USA) and the cylindrical miniature glass-fiber filter. The radon concentration was calculated as integrated data per hour or per 10 min.

The AlphaGUARD is the most popular portable device for radon measurement with an effective volume of 0.56 L^([@ncx050C9],\ [@ncx050C11]--[@ncx050C14])^. The AlphaGUARD worked in the diffusion mode and measured the indoor air through the large surface glass-fiber filter (P0002451, Saphymo GmbH, Frankfurt, Germany) at 1-h intervals (the longest interval of the vendor's specifications) or 10-min intervals. When measuring indoor radon with the AlphaGUARD, the diffusion mode and the 1-h measurement interval are popular setting.

Conversion into radon concentration {#ncx050s2b}
-----------------------------------

Experiments to obtain conversion/calibration factors of the three measuring instruments were made using a walk-in radon chamber (inner volume: 24.4 m^3^) at the National Institute of Radiological Science, Japan (NIRS radon chamber). The NIRS radon chamber can control radon concentration, temperature and humidity^([@ncx050C15])^. Reference radon concentrations are measured at 10-min intervals by the AlphaGUARD (hereafter NIRS AlphaGUARD) in the diffusion mode which was calibrated at the Physikalisch-Technische Bundesanstalt in Braunschweig, Germany.

Table [1](#ncx050TB1){ref-type="table"} shows the experimental conditions to obtain the conversion/calibration factors for the DGM-101, the PMT-TEL and AlphaGUARD of Kobe Pharmaceutical University (hereafter KPU AlphaGUARD). For the DGM-101 and the PMT-TEL, the radon concentration was calculated as integrated data per 10 min. By comparing to reference radon concentrations, the conversion factors for the DGM-101 and the PMT-TEL were determined to be 0.56 (fA (Bq m^−3^)^−1^) and 0.61 (cpm (Bq m^−3^)^−1^), respectively. Furthermore, the calibration factor for KPU AlphaGUARD was determined to be 0.99. The background values for the DGM-101, PMT-TEL and KPU AlphaGUARD were measured in radon-free air (N~2~ gas) and determined to be 15 fA, 1.5 cpm, and 8.1 Bq m^−3^, respectively. Based on these results, the measured data (ionization current/count rate/radon concentration) were converted into calibrated radon concentrations using Eqs ([1](#ncx050M1){ref-type="disp-formula"}), ([2](#ncx050M2){ref-type="disp-formula"}), and ([3](#ncx050M3){ref-type="disp-formula"}), respectively: $$C_{I} = \frac{D_{I} - 15}{0.56},$$$$C_{P} = \frac{D_{P} - 1.5}{0.61},$$$$C_{A} = \frac{D_{A} - 8.1}{0.99}.$$Here, the radon concentrations and measured data were, respectively, *C*~I~ Bq m^−3^ and *D*~I~ fA (DGM-101), *C*~P~ Bq m^−3^ and *D*~P~ cpm (PMT-TEL), and *C*~A~ Bq m^−3^ and *D*~A~ Bq m^−3^ (KPU AlphaGUARD).

The sensitivity of PMT-TEL \[0.61 (cpm (Bq m^−3^)^−1^)\] in Eq. ([2](#ncx050M2){ref-type="disp-formula"}) was higher than the sensitivity of AlphaGUARD \[0.05 (cpm (Bq m^−3^)^−1^)\]^([@ncx050C9])^. Generally, the sensitivity of detector increases with larger chamber of detector. In this study, the volumes of chamber of the DGM-101 (14 L) and the PMT-TEL (18 L) were larger than the AlphaGUARD (0.56 L) as shown in Table [1](#ncx050TB1){ref-type="table"}.

Comparing the instruments {#ncx050s2c}
-------------------------

Three experiments (Steps 1, 2, and 3) were made for evaluating measurement time and net count required for the indoor radon measurement.

In Step 1, the indoor radon concentrations were measured simultaneously using the DGM-101 and the PMT-TEL and the KPU AlphaGUARD to examine whether the measuring time of 1 h (Figure [1](#ncx050F1){ref-type="fig"}), a popular setting for AlphaGUARD, is sufficient. If the measuring time of 1 h was not sufficient, we examined the sufficient measuring time would be. These instruments were turned on at least 1 d before the measurements to sufficiently replace the air in the surrounding indoor air.

![Schematic diagram of three experimental devices.](ncx050f01){#ncx050F1}

In Step 2, we examined the response to the range of radon concentrations (15--128 Bq m^−3^), which was wider than the range (26--85 Bq m^−3^) of the Step 1, when comparing DGM-101 and KPU AlphaGUARD. The lower range of the radon concentration was obtained through simultaneous measurements outdoors. In contrast, the higher range was obtained by supplying radon from uranium ore. The KPU AlphaGUARD and uranium ore were placed in a box, while DGM-101 was connected to the box through a tube and the exhaust air from DGM-101 went back into the box. Like Step1, these instruments were started at least 1 d before the measurements. In this experiment, emanation of thoron from the uranium ore into the air was negligibly small by placing the uranium ore into a hermetically sealed plastic bag. It was confirmed through the measurement of thoron concentration in the box by using a radon-thoron discriminative monitor RAD7 (Durridge Company Inc., USA).

In Step 3, the constant high radon concentration (\~1000 Bq m^−3^) in the NIRS radon chamber was measured simultaneously using the DGM-101 and the NIRS AlphaGUARD to examine the sufficient measuring time for the highest reference level of indoor radon concentration. The radon concentration measured with the NIRS AlphaGUARD was represented by *C*~AN~ Bq m^−3^. The experiment started at the time when both instruments reached the target radon-concentration level.

RESULTS {#ncx050s3}
=======

Radon-concentration levels {#ncx050s3a}
--------------------------

In Step 1, Figure [2](#ncx050F2){ref-type="fig"}a shows the relationship between the *C*~I~ group and the *C*~P~ and *C*~A~ groups based on the hourly data. The *C*~A~ results suggest considerable variability compared to the *C*~P~ results. The question of whether the *C*~P~ (or *C*~A~) group can be considered consistent with the *C*~I~ group is addressed in the next section. The average radon concentration ($\overline{C_{I}}$) of the *C*~I~ group was 52.3 Bq m^−3^ within the range 26--85 Bq m^−3^. This radon level was close to the worldwide arithmetic median values of dwellings, that is, 46 Bq m^−3([@ncx050C16])^.

![Radon concentrations obtained by the reference monitor (DGM-101) vs. test monitors. The solid black line is the identity line. (**a**) Step 1: the DGM-101 vs. the PMT-TEL and KPU AlphaGUARD. (**b**) Step 2: the DGM-101 vs. the KPU AlphaGUARD. (**c**) Step 3: the DGM-101 vs. the NIRS AlphaGUARD.](ncx050f02){#ncx050F2}

In Step 2, Figure [2](#ncx050F2){ref-type="fig"}b shows the relationship between the *C*~I~ group and the *C*~A~ groups based on the 3-h data for the narrowing of the width of the required net counting range obtained in Step 1. The average radon concentration ($\overline{C_{I}}$) of the *C*~I~ group was 45 Bq m^−3^ within the range 15--128 Bq m^−3^.

In Step 3, Figure [2](#ncx050F2){ref-type="fig"}c shows the relationship between the *C*~I~ group and the *C*~AN~ groups based on the 10-min data. The average radon concentration ($\overline{C_{I}}$) of the *C*~I~ group was 1003 Bq m^−3^ within the range 875--1182 Bq m^−3^.

DISCUSSION {#ncx050s4}
==========

Criteria {#ncx050s4a}
--------

The consistencies of the values measured using the PMT-TEL and the AlphaGUARD were evaluated based on the radon concentrations measured by the DGM-101. The relative percent difference, *V*~P~% (*V*% in Figure [3](#ncx050F3){ref-type="fig"}a), was given by $${V_{P} = \frac{100(C_{P} - C_{I})}{C_{I}}}.$$*V*~P~% is the degree by which a single measurement value *C*~P~ Bq m^−3^ deviated from the reference values (*C*~I~ Bq m^−3^). The *C*~P~ and *C*~I~ Bq m^−3^ measured simultaneously were used.

![Evaluation of the range of the 95% PI of $\overline{V}$% using integrated hourly data (*n* = 336). The relationship between the relative percent difference *V*% and the reference radon concentration (*C*~I~ Bq m^−3^). (**a**) Explanation of symbols in Figures [3](#ncx050F3){ref-type="fig"}b and c, 4, 5 and 6; (**b**) The range of the 95% PI~p~ of ${\overline{V}}_{P}$; (**c**) The range of the 95% PI~A~ of ${\overline{V}}_{A}$.](ncx050f03){#ncx050F3}

Similarly, the relative percent difference, *V*~A~% was given by $${V_{A} = \frac{100(C_{A} - C_{I})}{C_{I}}}.$$*V*~A~% is the degree by which a single measurement value *C*~A~ (or *C*~AN~) Bq m^−3^ deviates from the reference values (*C*~I~ Bq m^−3^). The *C*~A~ (or *C*~AN~) and *C*~I~ Bq m^−3^ measured simultaneously were used.

The average value and standard deviation $\overline{V} \pm \sigma$ % \[(${\overline{V}}_{P} \pm \sigma_{P}$) or (${\overline{V}}_{A} \pm \sigma_{A}$)\] was calculated for each group. The ranges of the 95% PI were also calculated and the upper limit of 95% PI~P~ and the upper limit of 95% PI~A~ were given by Eqs ([6](#ncx050M6){ref-type="disp-formula"}) and ([7](#ncx050M7){ref-type="disp-formula"}), respectively: $$\left| {\overline{V}}_{P} \right| + k\sigma_{P}\sqrt{\left( 1 + \frac{1}{n} \right)} = \left| {\overline{V}}_{P} \right| + \gamma\sigma_{P},$$$$\left| {\overline{V}}_{A} \right| + k\sigma_{A}\sqrt{\left( 1 + \frac{1}{n} \right)} = \left| {\overline{V}}_{A} \right| + \gamma\sigma_{A}.$$Here, the value of *k* indicates the student's *t*-value at 0.05 significance for a 2-tailed *t*-test, which was determined based on the degree of freedom (*n*− 1). We determined $\left| {\overline{V}}_{A} \right|$, which is the absolute value of ${\overline{V}}_{A}$. In Figures [3](#ncx050F3){ref-type="fig"}--[5](#ncx050F5){ref-type="fig"}, the open circles were ${\overline{V}}_{A}$ \> 0 and the closed circles were ${\overline{V}}_{A}$ \< 0. When the $\left| {\overline{V}}_{P} \right| + \gamma\sigma_{P}$ (or $\left| {\overline{V}}_{A} \right| + \gamma\sigma_{A}$) was \<25%, the individual percent difference was used to meet the efficiency criteria. The outlines in the case of *V* \> 0 are depicted in Figure [3](#ncx050F3){ref-type="fig"}a.

![Evaluation of the range of the 95% PI~A~ of ${\overline{V}}_{A}$ using integrated hourly data obtained by the KPU AlphaGUARD.](ncx050f04){#ncx050F4}

![Evaluation of the range of the 95% PI~A~ of ${\overline{V}}_{A}$ using the *N*~A~ obtained by the KPU AlphaGUARD. Radon concentration: \~50 Bq m^−3^.](ncx050f05){#ncx050F5}

PMT-TEL {#ncx050s4b}
-------

In Step 1, the *C*~I~ and *V*~P~ values were calculated based on integrated hourly data (number of data points: *n* = 336; *γ* = 1.97). Figure [3](#ncx050F3){ref-type="fig"}b shows that the $\left| {\overline{V}}_{P} \right| + \gamma\sigma_{P}$ was within 25% and ${\overline{V}}_{P}$ was 2.0%. Therefore, the *C*~P~ group was considered to be consistent with the *C*~I~ group. PMT-TEL and DGM-101 on integrated hourly data were enough to measure indoor radon concentration.

AlphaGUARD {#ncx050s4c}
----------

In Step 1, the *C*~I~ and *V*~A~values were calculated based on integrated hourly data (*n* = 336; *γ* = 1.97). Although ${\overline{V}}_{A}$ was 4.8%, the $\left| {\overline{V}}_{A} \right| + \gamma\sigma_{A}$ was not within 25%, as shown in Figure [3](#ncx050F3){ref-type="fig"}c. Secondly, to determine the appropriate measurement time interval, the *C*~I~ and *V*~A~ values were calculated on the basis of data integrated over 2-h (*n* = 168; *γ* = 1.98), 3-h (*n* = 112; *γ* = 1.99), 4-h (*n* = 84; *γ* = 2.00), 5-h (*n* = 67; *γ* = 2.01) or 6-h (*n* = 56; *γ* = 2.02) intervals. The *C*~I~ and *V*~A~ groups were evaluated using the same method as above. Figure [4](#ncx050F4){ref-type="fig"} shows that the $\left| {\overline{V}}_{A} \right| + \gamma\sigma_{A}$ calculated based on data integrated over an interval between 2 and 4 h (\~3 h) was within 25% in the average radon concentration 52.3 Bq m^−3^. We considered that the net counts (*N*~A~), which the KPU AlphaGUARD was required, were within the range between 314 and 628 (\~471) counts. The *N*~A~ was the net counts of the conversion result from radon concentration using the sensitivity of 0.05 cpm (Bq m^−3^)^−1^.

In Step 2, the *C*~I~ values, *V*~A~values and *N*~A~ values of the KPU AlphaGUARD, which were calculated based on the integrated 3-h data, were listed in increasing order of *C*~I~. ${\overline{V}}_{A} \pm \sigma_{A}$ and ${\overline{N}}_{A} \pm \sigma_{NA}$ were the averages and standard deviation, which averaged every 10 data values (*n* = 10) of *V*~A~ and *N*~A~, respectively. Figure [5](#ncx050F5){ref-type="fig"} shows the relationship with ${\overline{N}}_{A}$ and $\left| {\overline{V}}_{A} \right|$ (or $\left| {\overline{V}}_{A} \right| \pm \sigma_{A}$ or $\left| {\overline{V}}_{A} \right| \pm \gamma\sigma_{A}$). In Figure [5](#ncx050F5){ref-type="fig"}, a power-law regression curve (the red curve represented Fit in Figure [5](#ncx050F5){ref-type="fig"}) and the upper limits of the 95% confidence interval (95% CI; blue filled circles in Figure [5](#ncx050F5){ref-type="fig"}) was made using the values of $\left| {\overline{V}}_{A} \right| + \gamma\sigma_{A}$ (red error bars in Figure [5](#ncx050F5){ref-type="fig"}). Moreover, a power-law regression curve was drawn for an upper limit of the 95% CI of Fit. We found *N*~A~ of the KPU AlphaGUARD 439 and 558 counts (on the *X*-axis) corresponding to the 25% of *V*~A~ (on the *Y*-axis) on the Fit and 95% CI of Fit in Figure [5](#ncx050F5){ref-type="fig"}, respectively. When the KPU AlphaGUARD could measure variable indoor radon levels accurately, we considered that \~500 counts were required in Step 2.

In Step 3, when the NIRS AlphaGUARD measures radon concentrations of 1000 Bq m^−3^ at 10-min intervals, the net counts are estimated at \~500 counts. When the radon concentration was kept at 1000 Bq m^−3^ at the NIRS radon chamber, the radon concentration was simultaneously measured with the NIRS AlphaGUARD (diffusion mode) and the DGM-101. Figure [2](#ncx050F2){ref-type="fig"}c shows the relationship between the *C*~I~ group and the *C*~AN~ groups based on 10-min intervals data. The *C*~I~ and *V*~A~ values were calculated based on integrated 10-min intervals data (*n* = 561; *γ* = 1.97). The $\left| {\overline{V}}_{A} \right| + \gamma\sigma_{A}$ was 24% within 25%, as shown in Figure [6](#ncx050F6){ref-type="fig"}. The average counts of the NIRS AlphaGUARD were 505 counts with the sensitivity of NIRS AlphaGUARD being 0.05 cpm (Bq m^−3^)^−1^. In Step 3, we considered that \~500 counts were required as the *N*~A~ of the NIRS AlphaGUARD.

![Evaluation of the range of the 95% PI of $\overline{V}$~A~% using *N*~A~ obtained by the NIRS AlphaGUARD. Radon concentration: \~1000 Bq m^−3^.](ncx050f06){#ncx050F6}

When the AlphaGUARD could measure radon concentration accurately, we considered that *N*~A~ (the net counts of the AlphaGUARD) were required of at least 500 counts, which was greater than the published data (150 counts).

CONCLUSIONS {#ncx050s5}
===========

The consistency of indoor radon-concentration data was evaluated based on simultaneous measurements by a DGM-101, a PMT-TEL, and AlphaGUARD. The DGM-101 and the PMT-TEL were \~10 times more sensitive than AlphaGUARD. It was established that the DGM-101 and the PMT-TEL could provide accurate radon-concentration data by sampling at an hourly rate of indoor radon levels. When accurately measuring radon concentration with AlphaGUARD, we found that the net counts of the AlphaGUARD were at least 500 counts, \<25% of the relative percent difference. The result of this study suggests that AlphaGUARD can provide accurate measurements of radon concentration for the world average level (\~50 Bq m^−3^) and the reference level of workplace (1000 Bq m^−3^), using integrated data over at least 3 h and 10 min, respectively.
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